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(54) Method of measuring the aberration of a projection lens 



(57) A new inspection method te provided fortesting 
lens aberrations during production of semiconductor 
wafers In projection apparatus such as wafer steppers 
or scanners. It is checked for lens degradation by meas- 
uring aberration specific measurement pattern struc- 
tures (3) preferrably being arranged in fields of a test 
m&3k, and then projected to corresponding measure- 
ment pattern structures (8) on the wafer. A signal is is- 
sued, if threshold values (2) representing a correspond- 
ing aberration such as spherical aberration, astigma- 
tism, coma or three-leaf-dover are exceeded. For the 
latter measurement symmetric DT-IIke pairs of rectan- 
gles (303) are provided in order to compare left-to-right- 
differences in critical dimension with threshold values 
(2). Also, structures combining sagittal and tangential 
lines into. e.g.. waggon wheel-like structures (304) are 
provided. As a result of the signal (1 ) Issued, a tool ded- 
ication strategy such as to reduce tool specifications can 
be Initiated. 
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[0001] The present invention relates to a method of measuring the aberration of a lens of a projection apparatus, for 
projecting a pattern structured on a mask onto an image plane formed by a semiconductor wafer. 
[00021 A projection apparatus is used for manufacturing semiconductor wafers by exposing a resist deposited on 
the wafer surfaces with light, that transfers the pattern of a mask or reticle through an objective lens onto the wafer 
surface defining the image plane. These apparatus are typically embodied as wafer steppers or wafer scanners pro- 
jocting at optical or ultraviolet wavelength. Commonly, the projection is of reduction-type. 

[0003] With continuously decreasing minimum structure sizes below e.g. 0.25 urn, the aim of obtaining drrTraction- 
I fritted Images by the projection system is aggravated by lens aberration of the objective lens. The aberration can be 
described by the aberration function giving for each point in the focal - or image piano respectvety - plane the difference 
in optical path length between a light ray traversing the objective lens at a radius r and an angle 6 and a lighl ray 
traversing the centre of the objective lens. 

[0004] The aberration of a lens leads to a disadvantageous shift and distortion of the projected pattern structures 
depending on the size and direction with which they are positioned relative to each other. The aberration function can 
be expanded into a series of so-called Zernike-porynomisl3 providing an orthonormal sot of functions, which each 
represent a characteristic feature of distortion. The strength of each characteristic j 3 given by corresponding Zernike- 
coefficients. The three most prominent distortion features of pattern structures on a wafer are spherical aberration, 
astigmatism and coma. 

[0005] The spherical aberration corresponds to a Zemike-polynomiel being quadratic (or of fourth order) In lens 
radius r. The image contrast, etch slope and pattern fidelity are disadvantageous^ degraded by this kind of aberration. 
If the numerical aperture is considerably smaller than 1, a paraxial assumption for the length projection Is valid and 
the aberration Is proportional to the defocue of the projection lens. Therefore, in case of all parts of tfie lens having the 
same effect on aberration the problem can be circumvented by readjusting the focus of the system when onry quadratic 
terms in r are taken into account. However, this will commonly not be the case resulting in a decrease of the process 
window, i.e. a smaller depth of focus. 

[0006] The focus shift depends on the size of the pattern that Is to be transferred. It can be measured by projecting 
two patterns with different size arid comparing the best focus determined for each of the projections. A prerequisite is, 
that structure sizes are small, such that each focus depth for obtaining a specified minimum image quality also covers 
only small Intervals In order to retrieve an accurate best focus. 

[0007] Astigmatism as well results In a reduction of the process window. Here, the focus shift depends on the orien- 
tation of the pattern structure transferred. While there might be a positive focus shift for e.g. a tine-and*space pattern 
in y-direciion, a negative focus shift can simultaneously emerge for the same pattern. Astigmatism can be measured 
by comparing the best focus determined each for vertical and horizontal lines. 

[0008] The phenomenon corresponding to a third order Zem ike-polynomial Is coma. Image Contributions from a 
different pupil radii of the projection lens shift relative to each other. As a consequence asymmetric pattern structures 
may print asymmetrically. Moreover, the transfer position In the Image plane is also shifted depending on the size of 
the pattern structure being projected. Generally, coma is measured by using overlay tools determining the positions 
of multiple bar pattern structures having different structure sizes. 

[0009] More recently, sophisticated methods of measuring aberration coefficients have been provided in order to 
check lens qualities to higher accuracy also enabling simulations of lens projections for qualifying lenses In a projection 
tool. Tor example, in JP 11-23731 0 a method with suitable test structures Is provided for determining lens aberration. 
There, periodic pattern structures on a mask are projected onto a substrate with the period satisfying conditions to the 
wavelength, the numerical aperture and en Illumination coherency factor. By varying the period, I.e. the pitch, and the 
size of the, e.g. lines-and-spaces pattern structure the stated aberration phenomena can be measured and the Zemlke- 
coefflclents be determined. 

[001 0] Nevertheless, these lens quality tests measuring shifts in the image position, image asymmetry, reduction of 
process windows etc. are stiD very time and material consuming. Once an exposure tool has been delivered by the 
manufacturer a lens qualification is performed during the acceptance period of the toot. Afterwards, the lens is assumed 
to retain its performance. 

[0011] Today, lens technology approaches new dknenstons. The numerical aperture is continuously increasing to 
values about 0.8 - o.bs, thereby causing the more critical higher order lens aberrations like three-leaf -clover aberration. 
[0012] Simultaneously, specifications of critical dimension and overlay are decreasing to values less than 90-110 
nm and 35 - 50 nm, respectively. 

[001 3] With the advent of the 300 mm wafer technology the lens stress is also increased due to the increasing time 
and number for exposures. These long-term problems cannot be considered by time consuming quality checkB in the 
acceptance period. As a consequence a loss of yield can be expected. 

[001 4] It is therefore a primary objective of the present invention to improve the lone quality of a projection apparatus 
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used In semiconductor manufacturing, thereby increasing the yield of the exposure step for semiconductor wafers. 
[0015] The objective ia solved by a method of measuring the aberration of a lens of a projection apparatus, for 
projecting a pattern structured on a mask onto an image plane formed by a semiconductor wafer, comprising the steps 
of providing a first mask to said projection apparatus the mask being supplied with a first pattern for structuring a layer 

5 of Integrated circuit on at least one first semiconductor wafer, providing said at least one first semiconductor wafer to 
said projection apparatus, exposing said first wet or with said first pattern, providing a second mask to said projection 
apparatus the mask being supplied with at (east one second pattern for structuring a measurement pattern to said 
projection apparatus, providing at least one second wafer to the projection apparatus, exposing said at least one second 
wafer with said second pattern, performing a lens aberration measurement of said second pattern. Issuing a signal If 

10 said aberration measurement exceeds a threshold value, and continuing with providing a further mask and a further 
number of semiconductor wafers to said projection apparatus for transferring a further pattern for structuring a layer 
of an integrated circuit 

[0016] According to the present invention the degradation of projection tenses can be monitored periodically by 
simple measurements of test patterns. A threshold value is defined for the lens quality, that in case of being exceeded 
is by a measurement generate s a eignaJ for enabling operators to undertake actions in order to maintain production quality 
and/oryteld. A main advantage is, that short wafer printing tests are performed during manufacturing production wafers. 
These are represented by semiconductor wafers which are structured with layers such as to give Integrated circuits 
when being finished after subsequently experiencing processing steps. 

[0017] The first mask accordingly provides one of the layers tor structuring the wafer. On the contrary the second 
20 mask comprises dedicated measurement pattern structures designed to enable an aberraUon measurement for the 
lens. 

[0018] Any fens aberration phenomenon or polynomial or any other representation of aberration, e.g. Zemike-coef- 
fidents. can be measured. In particular defocus. spherical aberration, astigmatism, coma or three-leaf -clover aberra- 
tion. 

25 [0019] The measurement pattern structure can have any form, in particular periodic lines and spaces having the 
same or different sl2e. concentric structures, periodic holes or symmetric structures. 

[0020] The central issue of the present invention is the warning signal In response to exceeding the threshold value, 
it may be issued by a control unit of the exposure tool or by one of the measurement devices such as an optica! 
microscope, a scanning electron microscope, an atomic force microscope or an overlay tool, etc. It will act as a trigger 
30 for the tool manufacturer or for the user of the tool. The user will be able to monitor the quality of the lens using the 
present method If a signal Is issued representing a problem with the lens, i.e. degradation. The user can also react by 
informing the tool manufacturer to initiate counte measurements and, rf suitable, an ozone lens cleaning, or other 
reactions like starting tool dedication strategies. 

[0021] Since the test measurement is adapted to the product, material and time for the test can be saved. In particular 
35 it is not necessary to spend large efforts on determining coefficients etc. although this Is not ruled out by the present 
invention. Rather, It Is possible to form the measurement pattern structures with respect to the product, which currently 
has Critical requirements. E.g., critical integrated circuit structures like contact holes, deep trenches or gate lines-and- 
s paces of memory products can be used as measurement structures for monitoring projection lenses of exposure tools, 
that have to fulfil highest requirements for critical dimension and overlay, and that are used to expose semiconductor 
40 wafers for memory products. 

[0022] In these cases the threshold values may e.g. be defined by left- to-right differences of symmetric structures 
as a representation of the three-leave-clover aberration, or by position differences measured by an overlay tool reveal- 
ing the coma-effect 

[0023] in a further aspect the termination of the exposure process for manufacturing further wafers in response to 
45 said signal for performing the ozone lens cleaning step is considered. The step can advantageously be initiated auto- 
matically, while the production planning system can be Informed that the current exposure tool is occupied with th 
maintenance step. After the cleaning is finished another signal is issued such that wafer processing can be resumed. 
[0024] Additionally, the change of the tool dedication strategy after the warning signal issued can be considered. 
This means, that further processing of critical products Is stopped in favour of other products, which do not require 
so high specifications to overlay, Critical dimension etc. This might be the case, e.g., if repeatedly ozone cleaning has 
been started according to the present invention, but no improvement has been recognised in the following measure- 
ment, i.e. after trie number of production wafers. Then, the tool capability specifications are reduced in strictness and 
the production planning system cannot further send wafers according to these reduced specifications to that exposure 
tool. Thus, the issued signal is evaluated by the production planning system (CIM) according to this aspect. Preferably, 
35 a lens quality measurement history is available to the production planning system, or the exposure tool control unit. 
[0025] In a fu rther aspect the measurement of the lens aberration comprises at least one of a position measurement 
Inx- ory-dlrection, i.e. with an overlay tool, a critical dimension measurement in x- or y-direction, or a pitch measurement 
in x- or y-direction . Both optical or scanning electron microscopes or at least one of them can be used to perform these 
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measurements. 

[0026] In a further aspect tho measurement pattern structure to considered to comprise concentric sagittal or tan- 
gential line structures, which are preferably arranged periodically. These are provided for measuring astigmatism. A 
typical example Is a waggon wheel with the spokes and rims formed out of lines, if the circle shaped patterns (rims) 
s and the radio patterns (spokes) have different focal planes the different effects of astigmatism affect different features 
of e.g. the wheel. This can be analysed by pattern recognition software. 

[0027] In a further aspect the measurement pattern structure is considered to comprise s ym m e t ri c structures such 
as e.g. pairs of deep trench rectangles I n order to clarify co ma - or three-teaf -clover effects. This is evident 9 the printed 
structure of the symmetric pattern reveals asymmetry. Especially due to using iitho enhancement techniques- In par- 

*0 tbutar phase shift masks - the latter aberration type can become a prominent feature by building artefacts around the 
structure building up asymmetry. This aspect of the present method thus advantageously Increases the wafer yield 
during exposure particularly In the case of phase shift masks, but is also applicable to conventional masks like chrome- 
on-glass or chromeless masks. The symmetric pattern structure according to the present invention preferrabry com- 
prises an arrangement of pairs of patterns, particularly rectangles, which can be compared to each other before printing, 

is i.e. on the mask, where they are formed e.g. having the same size, and after the printing, i.e. on the wafor, where they 
might hove altered, different elze due to aberraton effects. The patterns of a pair may ateo be connected with each 
other, as e.g. in a U-shaped form. 

[0028] I n a further aspect the measurement structure is considered to be at least one of lines-and-spaces or contact 
holes. 

20 [0029] In a further aspect the aberration measurement is performed by first measuring the asymmetry of a pattern 
Structure transferred through the projection lens from a symmetric panem on the mask, the amount of asymmetry then 
being compared with a threshold value, tf the threshold value is exceeded by the measured asymmetry further structures 
of the measurement pattern such as lines-and-spaces or contact holes are measured for aberration. Else, further 
processing of production wafers is continued. In the latter case a signal is issued if these additional measurements 

3* reveal problems with lone aberration. 

[0030] Further advantages and aspects are evident from the dependent claims. 

[0031] The Invention will be a better understood by reference to the following description of embodiments of the 
Invention taken in conjunction with the accompanying drawings, wherein 

so figure 1 shows a flow chart of an embodiment according to the present invention, 

figure 2 shows a measurement pattern structure comprising contact holes, 

figure 3 shows a measurement pattern structure according to the present invention comprising symmetric structures, 

Si 

figure 4 shows a measurement pattern structure comprising vertical and horizontal lines and spaces, 



40 



figure 5 shows a measurement pattern structure according to an embodiment of the present invention comprising 
sagittal and tangential structures, 

figure 6 shows a measurement pattern stracture according to an embodiment comprising an arrangement of different 
pattern structures. 

[0032] A flow chart of the steps of an embodiment according to the present invention Is shown In figure 1 . The tools 
43 involved are the projection apparatus 11 and a set of metrology tools 1 2. According to this embodiment the aberration 
measurement is performed every 1 00 mask supplies to the projection apparatus. The control unit of the exposure tool 
counts the masks, and the wafers, provided to the projection apparatus and checks, whether the number of 1 00 masks 
has been reached. The number of wafers exposed per mask is typically considerably larger than 1 . The masks, or 
reticles respectively, comprise a pattern, that Is suitable to build a layer on the wafer substrate when being transferred 
50 to the wafer via a projection lens in order bo generate an integrated circuit. In particular these are production Wafers 5. 
[0033] If the number of 1 00 of provided production masks 4 is reached, a mask 6 comprising a measurement pattern 
structure 3 is provided to the projection apparatus 11 for transferring the structure to a test wafer 7. The measurement 
pattern structure 3 consists of several substructures being arranged in an array as shown In figure 6. The array ac- 
cording to this embodiment Is a field with a length of 33 mm and a width of 26 mm. ft comprises subarrays of meae- 
35 urement structures being llnes-and-spaces 301 , contact hOle3 302, symmetric deep-trench-(DT)-like structures 303 
and wagon wheels 304 being arranged in lines. 

[0034] By exposure these measurement pattern structures 3 on the mask are transferred to form measurement 
pattern structures 8 on the test wafer 7. 
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[0035] The aberration measurement step performed in this embodiment is essentially a 2-etep procedure. Since 
high-end phase shift masks and correspondingly high-end exposure tools are maintained by this method, the three- 
leaf-clover aberration la measured first Of the DT-IIke pairs of originally symmetric rectangles 303 on the mask the 
left-to-right differences of the images of the wafer, i.e. the measurement pattern structures B. are measured using and 

5 scanning electron microscope. 

[0036] A threshold value 2* of 1 0 nm is compared to the measurement result. If the measured left-to-right difference 
is smaller than this threshold value 2* further exposure of production wafers 5 with production masks 4 is resumed. 
(0037) H on the other hand the threshold value 2' is exceeded by the measurement result of the DT-like pattern 
structure 303 on the wafer, further measurement pattern structures 8 on the wafer like lines -and- spaces 301 , con! act 

to holes 302 and waggon wheels 304 each being supplied with additional threshold values 2 to which me measured 
results are compared, are to he measured. Depending on the result of the comparison further wafer production is 
resumed. 

[0038] An example of a measurement pattern structure 3 comprising contact holes 302 on a mask ts shown in figure 
2a. Figure 2b displays the features t© be measured on the wafer, e.g. the critical dimension 31 , the pitch 32 In x- and 
» y-direction of the transferred measurement pattern structures 8. An example of the symmetric DT-like structures 303 
on a mask are shown in figure 3. The corresponding imago on a wafer, i.e. the measurement pattern structure 8 being 
asymmetric due to three-leave-dover aberration is shown in figure 3b. 

[0039} A representative example of the lines-and-spaces structure 301 Is shown In figure 4. Vertical lines and spaces 
301a and horizontal lines and spaces 301 b are formed into the measurement pattern structure 3 on the mask In order 

20 to enable an astigmatism aberration measurement of the transferred measurement pattern structure 8 on the wafer. 
[0040] The measurements using a scanning electron microscope according to the present invention are combined 
with an optical inspection via a wagon wheel 304 being arranged along lines as shown in figure 6. Wagon wheel test 
patterns 304 may be used for automatic optical Inspection tools. The lens aberrations can be discovered with the help 
of partem recognition software. The size of the radial lines 3b and circle 3a, the number of circles and tines, are variable 

25 and can be adjusted to technical requirements. A lest pattern is printed on the wafer in best focus or by stepping through 
the focus. In case of lend aberrations the pattern is distorted due to the astigmatism aberration effect circle shaped 
patterns 3a and radial patterns 3b have different focal planes and therefore are distorted differently- The inspection 
tools compare the actual lens status with a reference pattern of a good quality. 

[0041] If due to one of the measurement pattern structures 8 on the wafer the measurement of an aberration reveals 
oo a characteristic quantity being larger than the threshold value specified, warning signals issued signalling the problems 
with the lens are issued. The signal fe sent from the metrology tool 12 back to the exposure tool 11 . where an ozone 
lens cleaning step is initiated. After this cleaning step further exposure of production wafers 5 with production masks 
4 is resumed. 

[0042] Instead of performing an ozone lens cleaning, an exchange of lenses may alternatively be Initiated according 
55 to this embodiment. 

List of numerals 

[0043] 
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1. 


warning signal 


2 


threshold value 


3 


measurement pattern structure, on mask 


4 


mask, for production 


5 


semiconductor wafer, for production 


6 


mask, for measurement 


7 


semiconductor water, for measurement 


8 


measurement pattern structure, on wafer 


11 


projection apparatus 


12 


metrology tool; SEN) Or optical microscope 


31 


critical dimension 


32 


pitch 


301 


lines and spaces 


302 


contact holes, squares 


303 


pairs of Structures being symmetric about an axis, pairs of deep-trench-ttka rectangles 


304 


waggon wheel, tangentjaj and sagittal lines 
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Claims 

1. Matnod of measuring the aberration of a lens of e projection apparatus, the apparatus being designed to project 
a pattern structured on a mask onto an image ptane formed by a semiconductor wafer, comprising: 

5 . 

providing a first mask to said projection apparatus the mask being provided with a first pattern for structuring 
a layer of an Integrated circuit, 

providing at least one first wafer to said projection apparatus, 
exposing said at least one first wafer with said pattern, 
to - providing a second mask to said projection apparatus the mask boing supplied with at least a second pattern 

(3), 

providing at least one second wafer, 

exposing said at least one second wafer with said second mask, 

performing a lens aberration measurement in dependence of at least one measurement pattern structure (8), 
1 * which Is structured on me wafer from said second pattern (3), 

issuing a signal (1) in response to the measured aberration. 

providing a further mask and a further semiconductor wafer for transferring a further partem for structuring a 
layer of an Integrated circuit, depending on safd signal (1). 

20 2. Method according to claim 1 , 
characterized by 

issuing said signal (1), if said measured aberration exceeds a threshold value (2). 

3. Method according claims 1 or 2, 
25 characterized by 

terminating the exposure of further waters in response to said signal (1 > tor performing a lens cleaning step. 

4. Method according to anyone of claims 2 to 3, 
characterized In that 

so said aberration measurement comprises at least one of 

a position measurement, 

a critical dimension (31 ) measurement, or 

a pitch (23) measurement. 

35 

5. Method according to anyone of claims 2 to 4, 
characterized In thai 

said measurement pattern structure (3) comprises each at least one sagittal measurement pattern (3b) and tan- 
gential measurement pattern (3a) for measuring astigmatism. 

40 

6. Method according to anyone of claims 2 to 5, 
characterized In that 

said measurement partem structure (3) comprises an arrangement of at least two patterns (303), in particular 
rectangles, which are symmetric about one axis. 

45 

7. Method according to anyone of claims 2 to S, 
characterized In that 

said measurement pattern structure (3) comprises at least one of lines and spaces (301 ) and contact holes (302). 

90 a. Method according to anyone of claims 2 to 7, 
characterized In that 

said aberration measurement comprises the steps of 

first measuring the transferred structure of an arrangement of at least two patterns (303). which are symmetric 
55 about one axis, of the at least one measurement pattern structure (8), 

comparing the measured value with a threshold value (2), 
- measuring the lens aberration of at least one measurement pattern structures (8) on the wafer, which is different 
from said first measured pattern, if said measured aberration exceeds the threshold value. 
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